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The Galápagos Spreading Center (GSC) lies at the boundary of two tectonic plates, the Nazca 
Plate and the Cocos Plate in the eastern equatorial Pacific with an intermediate spreading rate. 
The GSC provides an insight to the plume-ridge interaction as it lies north of the Galápagos 
Islands Archipelago with the mantle plume located at 91°W. Processes that relate to the plume-
ridge interaction and geochemical variations that affect the compositions of oceanic crust and 
evolutionary processes can be determined by modelling the fractional crystallization of mid-
ocean ridge basalts (MORB) along the GSC. The PETROLOG program was used to model the 
crystallization of MORB by using the published dataset of natural glasses. The crystallization 
models of parental magmas were then compared with the compositional data of the natural 
glasses for each segment on the GSC to find the best fit of calculated crystallization lines. The 
results reveal that the crystallization of olivine, plagioclase, clinopyroxene, ilmenite, and 
magnetite at a low pressure best explains the compositions of the natural glasses along the GSC. 
The amount of water content and oxygen fugacity play an important role in the crystallization 
pathway of MORB. The behavior of the major oxides suggests that fractional crystallization 
together with crustal assimilation and mixing have occurred along the GSC that affected the 
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The mid-ocean ridge is the largest mountain chain and the most active system of volcanoes in the 
solar system (Macdonald, 2001). The ridge, which is approximately 70,000 km long and ~5-30 
km wide, is located between plates of the Earth’s rigid outer shell that are separating at speeds of 
~10-170 mm/yr (Macdonald, 2001) and is producing 75% of Earth’s volcanism (Crisp, 1984), 
thus creating two thirds of Earth’s crustal area (Gale et al., 2013). The existence of mantle 
plumes is thought to cause the mid-ocean ridge system to have physical and chemical anomalies 
(Cushman et al., 2004). Variations in spreading rate along the global mid-ocean ridge system are 
accompanied by the variations in crustal structure (Colman et al., 2016) and the variations in 
magma supply (Colman et al., 2016). The Galápagos Spreading Center (GSC) is focused in this 
research thesis for its intermediate spreading rate and its off-axis plume that strongly influences 
the ridge, which is useful for studying the plume-ridge interaction. 
Basalts, which are the product of melting of the mantle, migration of melt through the mantle 
towards the surface, and cooling and differentiation of magma near the surface form the upper 
portion of the ocean crust (Langmuir et al., 1992), are used to infer magma generation conditions 
in the mantle (Niu and Batiza, 1994; Langmuir et al., 1992; Danyushevsky, 2001) and 
understand the processes that had happened during the formation of basalts. The modelling of the 
evolution of magmas at the mid-ocean ridge can determine the processes that result in the 
geochemical variations in basalts.  
The purpose of this research thesis is to model the evolution of mid-ocean ridge basalts (MORB) 
along the GSC and estimate the pressures in which the magmas partially crystallize. This was 
done by calculating the crystallizations of olivine, plagioclase, clinopyroxene, ilmenite, and 
magnetite that form in basalts. The compositions of these magmas were also analyzed in detail to 
examine the processes that have occurred during the magma evolution along the GSC. Previous 
work done by O’Hara (1977, 1985) suggests that most basalts lie on low-pressure cotectic; 
therefore, this study can test the hypothesis of the MORB crystallizing at low pressures and 
provide information on the depths in which these mid-ocean ridges magmas partially crystallize 








The Galápagos Spreading Center (GSC) is a mid-ocean ridge that forms the divergent plate 
boundary between the two tectonic plates: the Cocos and Nazca Plates (Canales et al., 2014) at 
an intermediate full spreading rate of approximately 46 to 64 mm/yr (Kokfelt et al., 2005). The 
GSC, also known as the Cocos-Nazca Spreading Center, is strongly influenced by the presence 
of the Galápagos hotspot in terms of its structure, morphology, and compositions (Kokfelt et al., 
2005). The Galápagos hotspot is located near 91.5°W and produced two aseismic ridges, the 
Cocos and Carnegie Ridges (Merlen, 2014) at approximately 22 Ma and 20 Ma ago (Merlen, 
2014). The Cocos Ridge lies on the Cocos Plate to the north and is moving to the northeast while 
the Carnegie Ridge lies on the Nazca Plate to the south and is moving to the east (Merlen, 2014). 
The Galápagos Islands are a hotspot-related chain that lies approximately 200 km south of the 
ridge (Cushman et al., 2004). The GSC is offset about 100 km by a transform fault located at 
91°W (Kokfelt et al., 2005) and has been progressively drifting northwards over the past 5 Ma 
(Herbrich et al., 2016). The Galápagos Islands, the Cocos and Carnegie Ridges demonstrate the 
activity and evolution of the Galápagos hotspot and its interaction with the GSC (Canales et al., 
2002).  
 
Figure 1: A map showing the region of study on the Galápagos Spreading Center (GSC) and the location 
of the nearby Galápagos Islands in the East Pacific Ocean. The map also shows the location of the 
Carnegie Ridge on the Nazca Plate and the location of the Cocos Ridge on the Cocos Plate as well as the 
location of the East Pacific Rise. The Galápagos hotspot is located beneath the Nazca Plate. The map was 
generated using the software GeoMapApp. 
The average rate of magma supply, the thickness of the ridge, and the axial depths are all 
affected with proximity to the hotspot (Colman et al., 2016). With greater proximity to the 
hotspot, the average rate of magma supply to the crust is increased, the crust will be thicker, and 
the axial depths will be shallower (Colman et al., 2016). The crustal thickness along the GSC 
increases from ~5.7 km at 97°W to ~7.9 km at 91.5°W (Canales et al., 2002). The GSC also has 
an axial high morphology within ~350 km of the Galápagos hotspot in which it changes to a 
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transitional morphology away from the hotspot (Cushman et al., 2004). Therefore, the GSC 
provides a good setting for studying the plume-ridge interaction and understanding the processes 





Data were obtained online from PetDB Database (www.earthchem.org/petdb) and 1,777 rock 
samples data were downloaded and compiled using Microsoft Excel. These samples consist of 
mid-ocean ridge basalts (MORB) that were collected from the ocean floor within the area of 
latitude 0.46°N to 3.2°N and longitude 101.75°W to 83.04°W along the Galápagos Spreading 
Center (GSC). The major oxides data included in the samples analysis were utilized in this research 
project to study the geochemical processes that took place during the crystallization of MORB.  
All 1,777 rock samples were plotted in a desktop application called GeoMapApp according to their 
own locality. The samples were then divided into 10 different segments according to the amount 
of offset on the ridge, which were named alphabetically from A to J (Figure 2). Only three 
segments were chosen and examined closely for this thesis, which are segments E, F, and H. 
Segment E is the most heavily-sampled among the three studied segments with 577 glass analysis, 
Segment F consists of 188 glass analysis, and Segment H comprises 322 glass analysis. 
 
 
Figure 2: A map showing the rock samples plotted in different colors according to their segments along the 
Galápagos Spreading Center (GSC). The map was generated using the software GeoMapApp. 
 
Modelling methodology 
PETROLOG, a computer software program was used to model the crystallization process of the 
major oxides that make up the minerals present in MORB. PETROLOG incorporates 46 mineral-
melt equilibrium models for 8 different minerals that enables the estimated crystallization pressure 
at which the melt composition is saturated with both olivine and clinopyroxene to be generated 
(Danyushevsky and Plechov, 2011). In order to produce the crystallization path in PETROLOG, a 
parental magma was first chosen for each segment based on the estimated crystallization pressure. 
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The major oxides in the parental magma were then normalized to 100% weight. The model 
Danyushevsky (2001) was selected for the minerals olivine, plagioclase, and clinopyroxene, while 
the model Ariskin and Barmina (1999) was selected for the minerals ilmenite and magnetite in the 
calculations.  
The results of the calculations on PETROLOG were plotted using the software CoPlot to observe 
the chemical variations and to interpret the patterns of crystallization. This was done by plotting 
the oxides of elements SiO2, Al2O3, TiO2, FeO, CaO, and Na2O - against MgO in weight percent 
values. MgO was chosen to be plotted against because MgO is compatible in olivine found in 
MORB and its amount decreases considerably as these basalts cool and crystallize (Langmuir et 
al., 1992). Most elements also vary regularly with MgO (Gale et al., 2014). The FeO reported 
represents the FeOTOTAL in which FeOTOTAL = 0.8998 * Fe2O3 + FeO. 
Segment E. 93.2°W – 95.5°W 
KAK1979-012-026 (PetDB Database) was selected as the parental magma and its oxides elements 
were first normalized to 100% wt before its data were added to PETROLOG. The mineral-melt 
models chosen were Danyushevsky (2001) for minerals olivine, plagioclase, and clinopyroxene 
and Ariskin and Barmina (1999) for minerals ilmenite and magnetite. Calculations were done 
along a Quartz-Fayalite-Magnetite (QFM) buffer of oxygen fugacity. The model Kress and 
Carmichael (1988) was used for the melt oxidation state; Lange and Carmichael (1987) for melt 
density; and Giordano and Dingwell (2003) for viscosity. Three different pressures of 
crystallization were also set into the calculations: 0.5 kbar, 3 kbar, and 5 kbar to compare the 
effects of various pressures on the paths of crystallization. The calculations were then specified to 
stop at 75% of fractionation.  
The calculations were repeated by shifting the QFM buffer by +1 log units, while also keeping the 
other parameters the same to test if better calculated crystallization trends were produced. The 
calculations were also done with three different amount of water content in the parental magma 
composition (0.1%, 0.2%, and 0.5%) to observe the effect of differing the melt water content on 
the composition of crystallizing minerals (Danyushevsky and Plechov, 2011). 
Segment F. 90.95°W - 93.3°W 
This segment is particularly interesting since the Galápagos hotspot is located near 91̊ 30’ W. The 
parental magma selected for this segment was EWI0004-015-004 (Cushman et al., 2004). All 
PETROLOG parameters and mineral-melt models chosen remained the same as for segment E. 
However, another parental magma, EWI0004-040-004 (Cushman et al., 2004) was also selected 
to examine the effect on having different parental magma compositions to the crystallization paths 
on the area near the hotspot. 
Segment H. 85.3°W - 87.4°W 
The parental magma that was selected was ALV1659-001 (PetDB Database). All PETROLOG 




Figure 3 shows the plots of P2O5 against K2O in wt% for the three segments: E, F, and H. Segments 
E and F exhibit similar results where the melt is more enriched in K2O than P2O5 as crystallization 
proceeds. As for segment H, the melt is more enriched in P2O5 compared to K2O during the initial 
crystallization, but it becomes more enriched in K2O than P2O5 as crystallization proceeds. 
 
Figure 3: Graphs of P2O5 
against K2O in wt% for a) 
segment E (upper left) b) 
segment F (upper right), and 
c) segment H (lower left). 
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Segment E. 93.2°W – 95.5°W 
Figure 4 and Figure 5 show the crystallization trend of the parental magma KAK1979-012-026 
(PetDB Database) on segment E along the GSC. This parental magma produces better 
compositional results with 0.1% water added to the initial melt compared to no added water as the 
results with 0.1% water show a much closer agreement with the samples. The addition of water to 
the composition of parental magma results in the appearance of kinks in the trend lines of most 
oxides, which fit better with the compositions of the natural glasses (Figure 5). The results suggest 




Figure 4: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
KAK1979-012-026 (PetDB Database) on segment E along the GSC. The calculations were done using 




Figure 5: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
KAK1979-012-026 (PetDB Database) on segment E along the GSC. The calculations were done using 
PETROLOG at various pressures (0.5 kbar, 3 kbar, and 5 kbar) with 0.1% water added to the initial melt. 
10 
 
Segment F. 90.95°W - 93.3°W 
The crystallization results for two parental magma with different starting MgO compositions are 
presented in Figure 6 and Figure 7. The calculated liquid compositions for the lower MgO parent 
EWI0004-015-004 (Cushman et al., 2004) fit better with the data of the samples taken compared 
to the parent with a higher MgO content EWI0004-040-004 (Cushman et al., 2004). Once again, 
the results suggest that crystallization at a low pressure, 0.5 kbar, yields the best fit at this locality. 
However, there is an exception for TiO2, in which the crystallization at higher pressures, 3 to 5 




Figure 6: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
EWI0004-015-004 (Cushman, 2004) on segment F along the GSC. The calculations were done using 





Figure 7: Graphs showing the weight % of the major oxides plotted against MgO for another parental 
magma EWI0004-040-004 (Cushman, 2004) on segment F along the GSC. The calculations were done 




Segment H. 85.3°W - 87.4°W 
The calculated liquids lines for the parental magma ALV1659-001 (PetDB Database) on segment 
H along the GSC are shown in Figure 8 and Figure 9. Figure 8 shows the graphs where the 
calculations were done at QFM=0 while Figure 9 shows that the calculations were done at 
QFM=+1. From the graphs, it is observed that the parental magma agrees more with the samples 
when the calculations were set to QFM=+1 than at QFM=0. The calculated lines for SiO2, TiO2, 
FeO, and Na2O fit better with the natural glasses when the QFM buffer was shifted to +1, however 
the lines for Al2O3 and CaO remain unaffected. The results also suggest that the low pressure, 0.5 




Figure 8: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
ALV1659-001 (PetDB Database) on segment H along the GSC. The calculations were done using 




Figure 9: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
ALV1659-001 (PetDB Database) on segment H along the GSC. The calculations were done using 




Segment E exhibits a high MgO content ranging from 0.18 wt% to 9.69 wt% and the chosen 
parental magma, KAK1979-012-026 (PetDB Database) has a primitive parent composition (>8 
wt% MgO). The samples conform best to the calculated liquids at low pressure, 0.5 kbar. The 
difference in crystallization pressure can have an implication on the crystallizing assemblages. 
This is evident in the plots of CaO against MgO (Figures 4 and 5), where the calculated lines for 
CaO at a high pressure, 5 kbar, decrease significantly as MgO decrease. In contrast, the parental 
magma shows an increase in CaO before it decreases again with decreasing MgO at a low pressure, 
0.5 kbar, and this is due to the crystallization of olivine alone. However, the positive trends of CaO 
against MgO are consistent with the crystallization of clinopyroxene, olivine, and plagioclase. The 
plots of FeO and TiO in Figure 5 also indicate that the oxides fractionated from the magmas with 
less than ~4.5 wt% MgO. In Figure 3, it is shown that the melt is more enriched in P2O5 than K2O 
as crystallization proceeds, which indicates that processes other than fractional crystallization have 
occurred in the segment. This is because the ratios of highly incompatible elements like P and K 
should have changed only a little in response to the process of crystallization (Macdougall, 1988) 
and yet, this segment shows a high ratio of P2O5/K2O. Mixing by the process of assimilation during 
magma storage could possibly occur in this segment besides crystallization and explains the high 
P2O5/K2O ratio. 
The MORB primary magmas generally contain a small amount of water in the range of ~0.03–0.2 
wt% (Danyushevsky, 2001). Addition of a small amount of water (0.1 wt%) to the starting 
composition reproduces the data better and this is because adding water will decrease the melt 
liquidus temperature and suppress plagioclase crystallization relative to olivine and clinopyroxene 
(Danyushevsky, 2001). This can be seen from Figure 5, where the calculated results for SiO2, 
Al2O3, TiO2, and FeO agree more with the natural samples when 0.1% water was added, whereas 
the calculated results for CaO and Na2O are less affected by the addition of water. The smaller 
degree of plagioclase crystallization during cooling results in a higher Al2O3 wt% and a lower FeO 
wt% compared to the anhydrous crystallization (Figure 4). In fact, it is observed that there is a 
negative correlation between Al2O3 and FeO contents and this correlation is consistent with 
different extent of melting (Gale et al., 2014).  
Samples from segment F have a high content of TiO2, Al2O3, Na2O, and P2O5 and a low content 
of SiO2, FeO, and CaO and these observations define segment F to be the location of the greatest 
plume influence along the GSC. The parental magma EWI0004-015-004 (Cushman, 2004) has a 
MgO content of ~8 wt% while the parental magma EWI0004-040-004 (Cushman, 2004) has a 
MgO content of >8 wt%. Crystallization at a low pressure, 0.5 kbar produces the most consistent 
fits of the calculated crystallization lines with the samples taken for both parents. However, the 
parental magma with ~8 wt% MgO composition agrees better with majority of the samples (Figure 
6). The calculated crystallization results for TiO2 for the parent EWI0004-040-004 (Cushman, 
2004) are lower than the natural samples and its calculated crystallization lines for FeO are higher 
than the natural samples (Figure 7). This indicates that a primitive magma composition does not 
necessarily yield the best calculated crystallization lines for the samples when it comes to modeling 
the fractional crystallization of MORB. This segment, being in close proximity with the hotspot, 
exhibits greater and more variable degrees of fractionation. The relationship between P2O5 and 
K2O in this segment shows increasing enrichment of incompatible elements, P and K, as 
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crystallization proceeds (Figure 3). This suggests that fractional crystallization was accompanied 
by other processes, such as mixing of varying amounts of depleted and enriched mantle end-
members (Colman et al., 2016). The high values of Na8 in this segment are consistent with the 
occurrence of a low degree melting of a colder mantle (Figure D1). 
The implications of shifting oxygen fugacity fO2 values when performing calculations were 
explored on all segments, such that one calculation was set to QFM=0 and another was set to 
QFM=+1, where QFM is the quartz-fayalite-magnetite buffer. Previous work has suggested that 
even small changes in fO2 can drastically affect the crystallization path (Peterman, 2017). The 
changes in fO2 will change the oxidation state of Fe and this will be reflected in the mineral 
assemblages during crystallization (Peterman, 2017). This is apparent for Segment H in Figures 8 
and 9, where the calculated crystallization lines for the parent ALV1659-001 (PetDB Database) 
with QFM=+1 fit better with the natural samples compared with the parent with QFM=0. SiO2, 
TiO2, and FeO are largely affected by the change in fO2, whereas Al2O3, Na2O, and CaO are less 
affected. It is also worth noting that the chemistry of the natural samples shown in Figure 8 is 
consistent with the crystallization of olivine, plagioclase, and clinopyroxene. However, the 
calculated crystallization lines for the selected parents in Segments E and F fit better when the 
calculations were set to QFM=0 instead of QFM=+1 (see Appendix A and Appendix B). For 
Segment H, the calculated crystallization lines for the parent ALV1659-001 (PetDB Database) 
with no water added to the initial melt agree more with the natural glasses as compared to the 
parent with 0.1% added water (see Appendix C). Once again, crystallization at low pressure, 0.5 
kbar, best explains the composition of the natural samples in Segment H. Crustal assimilation may 
have also occurred in addition to crystallization in Segment H since the enrichment of P2O5 is more 
than K2O in the melt as crystallization proceeds, resulting in the P2O5/K2O ratio to be elevated 
(Figure 3). The low values of Na8 in Segment H suggest that the magmas were produced by higher 
degrees of melting, signifying a hotter mantle (Figure D1).  
The modeling of fractional crystallization of MORB along GSC using PETROLOG can be 
compared with the previous work done from Peterson et al. (2014). Addition of a small amount of 
water to the parental magma can have a large effect in the crystallization trends. This is shown in 
Figure 10, where the calculated crystallization trend lines for the samples taken near the Galápagos 
plume are different when 0.1% and 0.4% of water are added to the initial melt. This is consistent 
with the results found in this thesis, where a parental magma with different amount of water 






Figure 10: Variation of Al2O3 and FeO vs MgO wt%. Crystal fractionation trends were calculated using 
PETROLOG (Danyushevsky, 2001; Danyushevsky & Plechov, 2011) for Santiago and Fernandina melt 
inclusions at a pressure of 1.5 kbar for two concentrations of water: dashed line, 0.1 wt%; continuous line, 
0.4 wt% water. Figure from Peterson et al. (2014). 
The pressures of crystallization of MORB along the GSC have also been reported in previous work 
done in Haines (2016). It is observed that the pressure that best explain the composition of MORB 
in all three segments, 0.5 kbar, falls in the range of pressure stated in Haines (2016), which can be 
seen in Table 1. However, the average pressure for segment E and segment F are a little higher (~2 







Table 1: Table showing the ranges of pressure (in MPa), the average pressure (in MPa), and the number of 





The results presented in this thesis suggest that the lavas erupted along the Galápagos Spreading 
Center (GSC) went through multiple processes of magma evolution and vary in chemical 
compositions. The chemical compositions of all 1,777 analyzed glasses from three segments: E, 
F, and H can best be explained by modeling the fractional crystallization of mid-ocean ridge 
basalts (MORB) at a low pressure (0.5 kbar). The estimated pressure of partial crystallization of 
the minerals olivine, plagioclase, clinopyroxene, ilmenite, and magnetite present in basalts 
allows the depth in which the crystallization occurs to be determined. The amount of water 
content and oxygen fugacity of the parental magma also affect the degree of fractionation. It is 
observed that the calculated crystallization lines agree more to the natural samples when a small 
amount of water was added to the initial melt and the oxygen fugacity was shifted. Adding a 
small amount of water into the parental magma will suppress the crystallization of plagioclase 
relative to olivine and clinopyroxene while a shift in the oxygen fugacity will change the 
oxidation state of Fe which will be reflected in the mineral assemblages during crystallization. 
The work done in this thesis has also shown that a primitive magma composition does not 
necessarily produce the best calculated crystallization lines for the natural glasses on GSC. 
Analysis of P2O5 and K2O contents provides evidence of crustal assimilation and mixing in 
addition to fractional crystallization. Elevated ratios of P2O5 and K2O suggests that it was not 
possible for crystallization alone to make up the compositions of the samples taken along the 
GSC. Samples from segment F, which are strongly influenced by the mantle plume, contain high 
values of Na8, which represents the occurrence of lower degree melting, while the low values of 
Na8 from segments E and H are consistent with a higher degree of melting.  
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RECOMMENDATIONS FOR FUTURE WORK 
Further analysis on the compositions of the erupted lavas needs to be done to elucidate the 
processes that accompanied the crystallization of the mid-ocean ridge magmas along the 
Galápagos Spreading Center (GSC). Future work should also include examining the rock 
samples taken from the area of interest in thin sections. The texture and mineral assemblages of 
the rock samples are useful in describing the physical and chemical conditions in which the rock 
forms. The findings on the recommended future work will further strengthen the evidence of 
mixing and crustal assimilation present during the magma evolution along the GSC. Future work 
should also include an additional study on the isotopic compositions since the isotopic 
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APPEN DIX A 
 
Figure A1: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
KAK1979-012-026 (PetDB Database) on segment E along the GSC. The calculations were done using 
PETROLOG at various pressures (0.5 kbar, 3 kbar, and 5 kbar) with 0.1% water added to the initial melt 
and at a QFM buffer of +1. 
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APPEN DIX B 
 
Figure B1: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
EWI0004-015-004 (Cushman et al., 2004) on segment F along the GSC. The calculations were done using 
PETROLOG at various pressures (0.5 kbar, 3 kbar, and 5 kbar) with 0.2% water added to the initial melt 
and at a QFM buffer of +1. 
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APPEN DIX C 
 
Figure C1: Graphs showing the weight % of the major oxides plotted against MgO for the parental magma 
ALV1659-001 (PetDB Database) on segment H along the GSC. The calculations were done using 
PETROLOG at various pressures (0.5 kbar, 3 kbar, and 5 kbar) with 0.1% water added to the initial melt 
and at a QFM buffer of +1. 
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APPEN DIX D 
 
Figure D1: Plot of corrected Na values, Na8 against longitude of segments E, F, and H. 
 







Figure D3: Plot of corrected Ti value, Ti8 against longitude of segments E, F, and H. 
 
 
Figure D4: Plot of corrected Si values, Si8 against longitude of segments E, F, and H. 
 
